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Abstract
Subgrades may be subjected to intermittent cyclic loads such as traffic loads. Under these loading conditions, excess pore

water pressure can accumulate in clayey soils during cyclic loading period and dissipate during resting time. The defor-

mation behaviour of clayey soil after reconsolidation process may be different from that under consecutive cyclic loading.

A series of undrained cyclic triaxial tests, including reconsolidation process between cyclic loading stages, were performed

on kaolin clay. The axial strain accumulation, excess pore water pressure accumulation, deviatoric stress–strain loop and

resilience modulus under different cyclic stress ratios, initial confining pressures and degrees of reconsolidation were

discussed and presented. Test results show that the reconsolidation process has significant effects on the deformation

characteristics of clayey soil. The coupling effects of change of void ratio and effective mean stress result in a non-

monotonic relationship between normalised total axial strain and degree of reconsolidation. In addition, an increase in the

degree of reconsolidation leads to an increase in the normalised excess pore water pressure increment during 2nd cyclic

loading stage, regardless of cyclic stress ratio and initial confining pressure. Furthermore, the steady resilience modulus at

the end of each cyclic loading stage depends on the effective cyclic stress ratio and initial confining pressure, irrespective

of reconsolidation process.

Keywords Axial strain accumulation � Cyclic triaxial tests � Degree of reconsolidation � Excess pore water pressure

accumulation � Intermittent cyclic loading � Resilience modulus

1 Introduction

For cities located in estuary deltas, many transportation

infrastructure were constructed on sedimentary soft clay,

such as high-speed railway, highway, airport and subway

[39]. These infrastructures are inevitably subjected to long-

time traffic loadings during their service period, which is

ultimately spread to subsoil [2, 5, 15, 17, 44, 48]. Under

these cyclic loadings, strain and excess pore water pressure

(EPWP) can accumulate in soils, resulting in a series of

engineering problems [15, 26, 29]. Traffic loading is

always applied to subsoil discontinuously. Due to the low

permeability of clayey soils, EPWP in soils may accumu-

late during cyclic loading period and dissipate in resting

period under discontinuous traffic loadings [18, 25, 26].

After reconsolidation process in resting period, the subsoil

became denser, and its mechanical characteristics may

have changed. Thus, understanding the cyclic behaviours

of clayey soils subjected to discontinuous traffic loading is

critical to assess the performance of the existing structure

in soft clay.

Many studies have been conducted to investigate the

deformation behaviour of soil under consecutive cyclic

loading. It is broadly recognised that the dynamic proper-

ties of soil are influenced by many factors, such as effective

confining pressure, cyclic stress ratio (CSR), initial devia-

toric stress ratio and loading frequency [6, 18, 28, 29, 38].

Qian et al. [29] performed a series of undrained cyclic

heart-shaped tests on Shanghai clay using a hollow cylin-

der apparatus. The authors claimed that the undrained
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response of clay subjected to different stress levels can be

described by the shakedown approach, including plastic

shakedown, cyclic plastic creep and ratcheting (incremen-

tal instability). Qian et al. [28] conducted a series of

undrained cyclic triaxial tests on over-consolidated

Shanghai silty clay. These researchers observed that

increasing the over-consolidation ratio (OCR) can result in

a decrease in permanent and resilient strains, and the effect

of OCR is remarkable for lightly over-consolidated sam-

ples. Guo et al. [6] investigated the undrained deformation

behaviour of Wenzhou undisturbed soft clay subjected to

long-term cyclic loading (50,000 loading cycles). The

results indicated that with increase in confining pressure

and CSR, the resilience modulus decreases more remark-

ably with increase in loading cycles. In addition, the

authors established two equations to predict the long-term

permanent strain and resilience modulus.

Most existing studies on the deformation behaviour of

soft clay under traffic loading are based on partially drained

or undrained consecutive cyclic tests

[6, 14, 18, 19, 28, 29, 31]. However, consecutive cyclic

loading patterns cannot properly reflect traffic loading.

Partial or full cyclic loading-induced EPWP in subsoil can

dissipate during nonoperational hours [18, 40, 41].

Considering the intermittent effect of traffic loading,

some research based on multiple-stage cyclic loading tests

where the drainage period is interspersed between loading

cycles has been conducted [4, 13, 18, 25, 33, 46]. Yang and

Cui [41] investigated the effect of intermittent traffic loads

on saturated silty clay by cyclic triaxial tests. In their work,

the samples were subjected to multiple-stage undrained

cyclic loading, and 10 min was interspersed between

loading cycles to allow drainage. An empirical prediction

formula was established to describe the permanent strain of

soil under such loading conditions. The effect of loading

frequency on the deformation behaviour of Tianjin soft

clay under 5-min interval cyclic loading was investigated

by Lei et al. [13]. The authors discovered that intermittency

strengthens the resistance of clay to degradation of shear

modulus. A similar phenomenon was also reported by

Zheng et al. [46], who conducted undrained triaxial tests on

undisturbed marine sedimentary clay subjected to periodic

intermittent cyclic loading. The effect of water content on

cyclic deformation characteristics was investigated by

Tong et al. [33] using hollow cylinder apparatus. To

investigate the effect of resting period durations on the

cyclic behaviour of clay, Liu and Xue [18] carried out both

consecutive and intermittent cyclic loading on kaolin clay.

These researchers observed that a decrease in the duration

of the resting period can enlarge the overall accumulated

axial strain of samples.

The above-mentioned studies regarding the intermittent

effect of traffic loading are based on the duration of resting

time. Liu and Xue [18] claimed that, however, under those

reconsolidation approaches, the distribution of EPWP in

sample is nonuniform, and the property degree of recon-

solidation (Ur) is difficult to obtain, which brings uncer-

tainties to the evolution of stress and strain in the sample.

Feng et al. [4] analysed the reconsolidation behaviour of

Wenzhou soft clays under intermittent cyclic loading, in

which the quiescent period is long enough to fully dissipate

EPWP. The experimental results show that the reconsoli-

dation process leads to the non-deformability of marine

sedimentary clays. Similar conclusions were reported by

Yildirim and Ersan [45] and O’Reilly et al. [25]. Karakan

et al. [11] investigated liquefaction and post-liquefaction

settlement of a nonplastic silt and established relationships

among factor of safety to liquefaction, post-liquefaction

volumetric strain and relative density. These investigations

are significant to clarify the effect of full reconsolidation on

the cyclic behaviours of soils. However, due to the low

permeability of clay, the transient reconsolidation time and

the complex seepage path in subsoil, the property condition

in foundation soil after cyclic loading is between full

reconsolidation and no reconsolidation [8, 35]. Wang et al.

[35] conducted a series of undrained cyclic and post-cyclic

triaxial tests on marine reconstituted silty clay to investi-

gate the effect of Ur on the post-cyclic monotonic char-

acteristics of soil. In their work, after being subjected to

undrained cyclic loading, the samples were allowed to

drain to a specific back pressure to achieve desired Ur.

Based on the test results, a post-cyclic strength model

considering different Ur was established. Similar work was

carried out by Huang et al. [7, 8] on laterite clay. However,

among existing studies, the effect of different Ur on the

cyclic behaviours of clayey soils is not clear and needs to

be further investigated.

Based on review of exiting studies regarding the effect

of intermittent traffic loading, it is found that there is

limited study on the intermittent cyclic deformation beha-

viours of clayey soils based on uniform samples with

residual EPWP and certain stress state. In this study, a

series of cyclic triaxial tests were carried out on kaolin

clay. In the tests, to simulate residual EPWP, as recom-

mended by Huang et al. [7, 8] and Wang et al. [35],

undrained cyclic loading was applied to the samples, and a

reconsolidation process was allowed between two cyclic

loading stages by controlling the specific back pressure.

The effects of different Ur on the cyclic behaviour of

clayey soil were studied. Furthermore, the influence of the

confining pressure and CSR under different Ur on the

cyclic deformation behaviour of soil was analysed and

discussed.
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2 Sample preparation and test programme

2.1 Sample preparation

An advanced dynamic triaxial testing system at Guangxi

University was used to perform the cyclic triaxial tests. The

system was manufactured by GDS Instruments Ltd., UK.

More details of the system can be found in the work of

Qian et al. [28].

The tested material in this study was a kaolin clay,

which was widely used in geotechnical research to inves-

tigate mechanical characteristics of clayey soils

[16, 18, 19, 24, 37]. The specific gravity of the clay is 2.6.

The plastic limit and liquid limit are approximately 35%

and 75%, respectively, with a plastic index of approxi-

mately 40%. More details regarding the clay can be found

in the work of Nie et al. [24].

Slurry consolidation method was firstly proposed by

Sheeran and Krizek [32] and be widely used in unit tests of

reconstituted clay [15, 18, 19, 24, 37]. According to

Wichtmann et al. [37] and Lin and Peaumedu [16] by

measuring the water content at different location within

kaolin specimen, the pre-consolidated sample prepared by

slurry consolidation method was found quite homoge-

neous. In addition, slurry consolidation method can easily

reach saturation and simulate well the soil fabric found

within a hydraulic fill deposit [34]. To investigate the

sedimentary clay under traffic facilities, the slurry consol-

idation was adopted in the study.

As suggested by Liu et al. [19] and Liang et al. [15], de-

air water was mixed with clay powder to prepare slurries

with a water content of approximately 150% (two times the

liquid limit). The slurry was placed into a perspex tube

mould with a size of 50 mm (inner diameter) 9 160 mm

(height), and was pre-consolidated under a vertical pressure

of 100 kPa. More details about the sample preparation

process can be found in Liu et al. [19].

After pre-consolidation process, the samples were

trimmed to a height of 60 mm with a diameter of 50 mm

(h/d = 1.2). As claimed by Wichtmann et al. [36], the h/

d ratio has limited effects on the cyclic behaviour of clayey

soil under undrained triaxial dynamic loading. This

dimension of sample was also used in Nie et al. [24] and is

similar to that utilised in Ren et al. [30] and Liu et al. [19].

To saturate the sample, a back pressure of 400 kPa with an

effective confining pressure of 20 kPa was applied.

A Skempton’s B value of at least 0.96 in all samples was

achieved.

2.2 Test programme

Before applying cyclic loading, the stress state of real soil

should be simulated. K0 consolidation state is most realistic

simulation method to the field, but requires high instru-

ments, complicated test steps and relatively high cost

[22, 23]. Compared to coarse grained materials, K0 value of

clayey soil is closer to 1. Thus, for simplifying the test

operation, referring the existing research

[7, 18, 23, 24, 28, 29, 33, 35], the simplified isotropic

consolidation method is adopted in the study.

After being saturated, the samples were isotropically

consolidated under an effective confining pressure of

p00(100, 200, 400 kPa). The consolidation duration was

kept at approximately 8 h to ensure full dissipation of

EPWP of all samples. The axial strain rate of samples at the

end of consolidation period is less than 0.018% per hour,

which means that all the samples have completed primary

consolidation [15, 19].

After isotropic consolidation, the first 10,000 one-way

sinusoidal loading cycles with a frequency of 1 Hz were

applied to all samples under undrained conditions. Con-

sidering the main purposes of this study, number of cycles

and loading frequency were not considered as a research

variable. Thus, to achieve stable EPWP of soils, 10,000

cycles were performed in each loading stage. As reported

in previous studies [9, 10, 21], deformation behaviour of

clay under undrained cyclic loading is essentially time-

based creep phenomenon, and effect of frequency (lower

than 10 Hz) on strain accumulation can be ignored. Thus,

to simulate traffic load, the frequency of 1 Hz recom-

mended by Qian et al. [29] is adopted in the study, which is

in the range from 0.2 to 3 Hz recommended by Yang et al.

[43]. The axial strain and EPWP of the samples would

accumulate to eac
1cls and Du1cls at the end of this loading

phase, as expressed in Fig. 1a, b and c.

Then, the drainage valve was opened and the cyclic

loading-induced EPWP (Du1cls) was allowed to dissipate to

the applied back pressure (pu) to achieve a certain Ur. The

reconsolidation duration was maintained at approximately

8 h which is same to the consolidation period, to assure the

dissipation is complete and the residual EPWP is evenly

distributed in the soil sample. Following the research of

Wang et al. [35] and Huang et al. [8], the degree of

reconsolidation Ur is defined as the ratio of the dissipation

of EPWP (Du0) to the cyclic loading-induced EPWP

(Du1cls) and can be expressed as:

Ur ¼
Du0

Du1cls
¼ 1� pu

Du1cls
ð1Þ

By controlling the applied back pressure, five different

Ur (0, 25, 50, 75, 100%) were employed in this study.

Ur = 0% represents that the samples were not
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reconsolidated, which means continuous loading with

20,000 cycles was applied on the samples.

After the reconsolidation process, the second 10,000

sinusoidal loading cycles were applied to the samples

under undrained conditions. Same to the first 10,000

loading cycles, a frequency of 1 Hz was adopted. The axial

strain and EPWP of the samples would accumulate with

eac
2cls and Du2cls at the end of this loading phase, as

expressed in Fig. 1a, b and c.

The stress–strain relationship, effective stress path

curves and change in void ratio from the tests are shown in

Fig. 1a, b and c, respectively. The effective mean stress

p0 = (r01 ? 2r03)/3 and the deviatoric stress q = r01 - r03
are applied, where r1 and r3 are the major and minor

principal stress in the triaxial test. In this study, to sys-

tematically investigate the effects of reconsolidation on the

cyclic behaviours of clayey soil, five different Ur and three

different effective confining pressures p00 (100, 200,

400 kPa) under a cyclic stress ratio (CSR) of 0.2 were

employed. In addition, a series of cyclic triaxial tests with

different CSR (0.1, 0.15, 0.2) and five different Ur were

carried out on samples with an effective confining pressure

of 200 kPa. The cyclic test schemes are summarised in

Table 1.

3 Results and analysis

This section presents the effects of different Ur on the axial

strain accumulation, EPWP accumulation and resilience

modulus of tested samples. To ensure the consistency of

data, as recommended by Alam et al. [1], the resilience

modulus (Mr) can be calculated as follows:

Mr ¼
qA � qB
eA � eB

ð2Þ

where qA and qB refer to approximately 90% of the max-

imum deviatoric stress and minimum deviatoric stress in an

unloading cycle, respectively. eA and eB correspond to the

axial strain at qA and qB in an unloading cycle, respectively,

as shown in Fig. 2.

(a) deviatoric  relationship (b) effective stress path

(c) change of void ratio in the tests

Fig. 1 Diagram of cyclic loading patterns used in the tests
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3.1 The cyclic behaviour of soil during the 1st
cyclic loading stage

Figure 3 shows the typical cyclic response of samples in

1st cyclic loading stage, which is obtained from the sample

p200q40u100. As shown in Fig. 3a, with an increase in

number of cycles, the axial strain accumulated significantly

at the beginning and then tended to a steady and very slow

growth. For example, the plastic axial strain increased from

0% to 0.37% in the first 1000 loading cycles, while it

increased by 0.02% between loading cycles No. 9000 and

10,000. The accumulated EPWP shows similar developing

trend, which would increase to a stable value with small

oscillations, as shown in Fig. 3b. Figure 3c depicts the

stress–strain loops of the sample and highlights a certain

number of cycles. With increase in number of cycles, the

stress–strain loops became inclined and thinner, and the

stress–strain hysteresis loops change from unclosed to

closed. Figure 3d shows the variation in the resilience

modulus versus the number of cycles. It is clearly exhibited

that the resilience modulus decreases rapidly in the early

few cycles and then keeps basically stable at a certain

value. Under cyclic loading with small amplitude, soil

particles rearrange may be the reason for rapid increase of

axial strain and EPWP in the initial loading phase. As the

cyclic loading goes on, the soil is in a state of dynamic

equilibrium. In a loading–unloading cycle, thin and closed

stress–strain loops signify that the soil stain is recoverable

and the material damping of soil became smaller. However,

the decrease of resilience modulus indicates that soil

skeleton is more fragile to deformation. Similar experi-

mental phenomena have been reported by Qian et al. [27]

and Liu et al. [19].

Figures 4 and 5 show the accumulated axial strain and

EPWP at the end of 1st cyclic loading versus CSR or

effective confining pressure. Figure 6 shows the resilience

modulus and normalised resilience modulus at the end of

1st cyclic loading stage versus effective cyclic stress ratio

(qd/p
0), in which p0 corresponds to the effective mean stress

at the end of 1st cyclic loading stage. Several parallel tests

in the 1st cyclic loading stage were applied at the same

CSR and effective confining pressure as the next stage

required different degrees of reconsolidation. The test

results are summarised in Table 2. Similar results in

Figs. 4, 5, 6 and Table 2 prove the validity and repeata-

bility of parallel tests. In other words, the sample difference

caused by the sample preparation process can be ignored to

some extent. As shown in Fig. 4, at the same confining

pressure (p00 = 200 kPa), the accumulated axial strain and

EPWP increase exponentially with increase in CSR, which

is in accordance with the work of Guo et al. [6]. As shown

in Fig. 5, for the same CSR of 0.2, the accumulated axial

Table 1 Undrained cyclic triaxial test series

Test

series

Test id p00
(kPa)

qd
(kPa)

Ur

(%)

CSR = qd/
p00

1 p100q20u0 100 20 0 0.2

p100q20u25 25

p100q20u50 50

p100q20u75 75

p100q20u100 100

p200q40u0 200 40 0

p200q40u25 25

p200q40u50 50

p200q40u75 75

p200q40u100 100

p400q80u0 400 80 0

p400q80u25 25

p400q80u50 50

p400q80u75 75

p400q80u100 100

2 p200q20u0 200 20 0 0.1

p200q20u25 25

p200q20u50 50

p200q20u75 75

p200q20u100 100

p200q30u0 30 0 0.15

p200q30u25 25

p200q30u50 50

p200q30u75 75

p200q30u100 100

Fig. 2 The definition of the resilience modulus Mr, after Alam et al.

[1]
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(a) axial strain versus number of cycles (b) EPWP versus number of cycles

(c) stress–strain hysteretic loop (d) resilience modulus versus number of 

cycles

Fig. 3 Typical deformation behaviour of kaolin clay under undrained cyclic loading, (obtained from the sample p200q40u100)

(a) accumulated axial strain (b) accumulated EPWP

Fig. 4 Accumulated axial strain and EPWP during 10,000 cycles versus CSR (all samples were subjected to a p00 of 200 kPa)
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strain increases disproportionately with increase in con-

fining pressure, while the EPWP increases linearly. The

reason for such a phenomenon might be that a larger cyclic

stress was applied to samples with greater p00, as the CSR is

constant at 0.2 [3, 18].

There is no obvious functional relationship between the

steady resilience modulus at the end of the 1st cyclic

loading stage and the effective CSR (qd/p
0), as shown in

Fig. 6a. Then, the steady resilience modulus was nor-

malised by the k power of initial confining pressure (p00),
where the exponent k (in this study, k = 0.53) is a fitting

parameter, which reflects the nonlinear relationship

between initial confining pressure (p00) and resilience

modulus, as illustrated in Fig. 6b. The nonlinear relation-

ship has also been reported in previous works [20, 47]. As

can be seen in the figure, the resilience modulus under

different initial confining pressures falls together into a

single curve and decreases with increase in qd/p
0. Similar

results have been reported by Liu et al. [19] and Guo et al.

[6].

3.2 The cyclic behaviour of soil
after the reconsolidation process

As suggested by Liu and Xue [18], to investigate the effects

of reconsolidation on the cyclic deformation behaviour of

soils, the axial strain produced by the reconsolidation

process was excluded from the accumulated axial strain in

this section.

(a) accumulated axial strain (b) accumulated EPWP

Fig. 5 Accumulated axial strain and EPWP during 10,000 cycles versus p00 (all samples were subjected to a CSR of 0.2)

(a) tested values (b) normalised values

Fig. 6 Resilience modulus at No.10000 cycle versus effective CSR for different confining pressures
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3.2.1 Variation in accumulated axial strain

Figure 7 illustrates the axial strain accumulation during the

two cyclic loading stage of all samples. In the figures, the

accumulated axial strain (eac) was normalised by the

accumulated axial strain during the 1st cyclic loading stage

(eac
1cls). As seen, compared with those under consecutive

cyclic loading (Ur = 0%), greater cyclic axial strain accu-

mulation was observed in samples including reconsolida-

tion process. For instance, the total normalised

accumulated axial strain with samples subjected to p00-
= 200 kPa and qd = 40 kPa after two cyclic loading stages

are approximately 1.34, 1.22 1.45 and 1.57 under the Ur of

25, 50, 75 and 100%, respectively, while it is approxi-

mately 1.16 under consecutive cyclic loading (Ur = 0%).

Liu et al. [18, 19] claimed that after a number of consec-

utive cyclic loading cycles, the soil reaches a relatively

stable state, resulting in continuous and steady axial strain

accumulation. Reconsolidation process may disturb the

stable state of the soil. Thus, during subsequent cyclic

loading, a new balance needs to be established for soil

particles, resulting in greater strain accumulation in soil

[18].

To eliminate the influence of initial confining and cyclic

stress ratio on the strain accumulation behaviour of soil, as

illustrated in Fig. 8, the accumulated axial strain during the

2nd cyclic loading stage (eac
2cls) was normalised by the

accumulated axial strain during the 1st cyclic loading stage

(eac
1cls). It can be clearly seen in Fig. 8 that greater axial

strain accumulates in samples including reconsolidation

process than in those under consecutive cyclic loading

(Ur = 0%). In addition, it is worth noting that the eac
2cls/

eac
1cls values are less than 1 for all samples, which indicates

that less strain accumulated in soil during the 2nd cyclic

loading stage. According to Xia et al. [40] and Yildirim and

Ersan [45], the reason for less strain accumulation is the

dissipation of EPWP and the reduction in the void ratio in

soils induced by reconsolidation, which could strengthen

the cyclic resistance of soil.

The effects of reconsolidation on axial strain accumu-

lation under different initial confining pressures and CSR

are illustrated in Fig. 8a, b, respectively. As discussed

Table 2 The results of undrained cyclic triaxial test

Test id 1st cyclic loading stage 2nd cyclic loading stage eac
2cls/eac

1cls Du2cls/Du1cls

eac
1cls (%) Du1cls (kPa) Mr,10000 (MPa) eac

2cls (%) Du2cls (kPa) Mr,20000 (MPa)

p100q20u0 0.144 13.3 39.6 0.042 - 0.5 39.4 0.29 - 0.04

p100q20u25 0.130 12.4 40.6 0.059 1.8 42.6 0.45 0.15

p100q20u50 0.198 14.7 31.8 0.082 3.9 36.7 0.41 0.27

p100q20u75 0.158 11.7 36.7 0.076 3.4 40.8 0.48 0.29

p100q20u100 0.153 12.1 36.1 0.085 5.9 40.4 0.56 0.49

p200q40u0 0.478 50.5 35.1 0.077 - 0.5 34.8 0.16 - 0.01

p200q40u25 0.400 47.1 43.4 0.131 6.6 40.4 0.33 0.14

p200q40u50 0.464 47.9 44.8 0.103 14.0 45.1 0.22 0.29

p200q40u75 0.393 51.0 42.0 0.178 17.3 43.3 0.45 0.34

p200q40u100 0.505 45.4 46.1 0.288 16.8 48.0 0.57 0.37

p400q80u0 0.609 101.8 70.1 0.100 - 2.3 71.8 0.16 - 0.02

p400q80u25 0.632 108.0 63.4 0.174 17.3 63.9 0.28 0.16

p400q80u50 0.655 117.8 56.1 0.151 31.7 63.5 0.23 0.27

p400q80u75 0.699 122.8 58.3 0.212 39.5 67.0 0.30 0.32

p400q80u100 0.646 109.7 54.8 0.297 42.0 74.7 0.46 0.38

p200q20u0 0.086 12.4 65.7 0.032 - 0.6 66.3 0.38 - 0.04

p200q20u25 0.087 11.8 67.6 0.049 2.1 69.1 0.56 0.18

p200q20u50 0.092 10.6 67.9 0.045 3.1 70.4 0.50 0.29

p200q20u75 0.083 10.5 69.2 0.048 4.6 68.7 0.58 0.44

p200q20u100 0.080 10.4 62.7 0.069 3.8 61.1 0.86 0.37

p200q30u0 0.196 21.2 59.1 0.048 0.6 60.1 0.25 0.03

p200q30u25 0.171 19.9 57.8 0.080 2.4 59.2 0.46 0.12

p200q30u50 0.160 20.0 64.1 0.071 4.7 76.0 0.45 0.23

p200q30u75 0.154 20.0 59.9 0.086 8.4 65.4 0.56 0.42

p200q30u100 0.134 18.1 64.0 0.127 8.7 62.1 0.95 0.48
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(a) p’0=100 kPa and qd=20 kPa (b) p’0=200 kPa and qd=20 kPa

(c) p’0=200 kPa and qd=30 kPa (d) p’0=200 kPa and qd=40 kPa

(e) p’0=400 kPa and qd=80 kPa

Fig. 7 Normalised axial strain accumulation versus the number of cycles
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earlier, less strain could accumulate in soil during the 2nd

cyclic loading stage. Figure 8a, b reveals that the larger the

initial confining pressure or CSR is, the smaller the eac
2cls/

eac
1cls values. This is because a larger p00 or CSR value

corresponds to a larger accumulated EPWP, as illustrated

in Figs. 4b and 5b, which leads to a greater volumetric

strain during reconsolidation process, as illustrated in

Fig. 9. Thus, a sample subjected to a larger p00 or CSR

value becomes denser, resulting in a greater decrease in

axial strain during the 2nd cyclic loading stage. A similar

effect of change of void ratio on the strain accumulation

behaviour of soil was reported by Liu et al. [19]. Noting

that the eac
2cls/eac

1cls value of sample p200q30u100 is 0.95,

which is higher than that of sample p200q20u100. The

possible reason for this might attribute to experimental

errors. As can be seen in Table 2, eac
1cls value of sample

p200q30u100 is 0.134%, which is the lowest in the group

(samples subjected to p00 = 200 kPa and qd = 30 kPa),

resulting in a higher eac
2cls/eac

1cls value, and this deviation

may be induced by the discrepancy in sample preparation,

temperature change and instrument operation.

As shown in Fig. 8, an increase in Ur will lead to an

increase in the eac
2cls/eac

1cls value as a whole. Interestingly,

the eac
2cls/eac

1cls ratio does not increase monotonically with

increase in Ur, and it decreases as Ur increases from 25 to

50%. Such a phenomenon occurred in all tested samples,

irrespective of p00 and CSR, which has not been reported in

previous studies. The reason for this finding might be

attributed to the coupling effects of change of void ratio

and the effective mean stress. On the one hand, under the

same p00 and CSR conditions, an increase in Ur will lead to

a greater change of void ratio and a greater change of soil

particle arrangement, resulting in violently breaking the

cyclic balance established in the 1st cyclic loading stage,

which will induce greater eac
2cls. On the other hand, an

increase in Ur refers to more dissipation of accumulated

EPWP and an increase in the mean effective stress, so the

particles are arranged more closely which is beneficial for

cyclic resistance. For the samples under consecutive cyclic

loading (Ur = 0%), although the effective mean stress at

the beginning of the 2nd cyclic loading stage is the lowest

compared with those including reconsolidation process, the

axial strain accumulates at a slowest rate because the

homeostasis established in the 1st cyclic loading stage was

not disturbed. For the samples with Ur = 25%, 75% and

100%, the void ratio change plays a leading role in the 2nd

cyclic loading, and the eac
2cls/eac

1cls values continue to

increase. For the samples with Ur = 50%, the eac
2cls/eac

1cls

are lower than those samples with Ur = 25%, which means

the mean effective stress has prevailed on this occasion.

When considering the effect of reconsolidation on

(a) different p’0 values (CSR=0.2) (b) different CSR values (p’0=200 kPa)

Fig. 8 Normalised axial strain increment during the 2nd cyclic loading stage versus Ur

Fig. 9 Relationship between the volume strain and normalised

dissipation of EPWP during reconsolidation process
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settlement of foundation soil in practical engineering, it

should not only pay attention to the favourable side of

denser soil particle arrangement, but also pay more atten-

tion to the unfavourable side of broken cyclic balance.

(a) p’0=100 kPa and qd=20 kPa (b) p’0=200 kPa and qd=20 kPa

(c) p’0=200 kPa and qd=30 kPa (d) p’0=200 kPa and qd=40 kPa

(e) p’0=400 kPa and qd=80 kPa

Fig. 10 Normalised EPWP accumulation versus number of cycles
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3.2.2 Variation in the accumulated EPWP

Figure 10 illustrates the EPWP accumulation of all sam-

ples. In the figures, the accumulated EPWP (Du) was

normalised by the accumulated EPWP during the 1st cyclic

loading stage (Du1cls). After the reconsolidation process,

partial or all EPWP was dissipated in soils, resulting in the

Du/Du1cls values of samples of Ur = 25, 50, 75 and 100%

‘‘jump’’ to 0.75, 0.5, 0.25 and 0 at the beginning of the 2nd

cyclic loading stage, respectively. Compared with those

under consecutive cyclic loading (Ur = 0%), the EPWP

accumulated significantly in the sample including recon-

solidation process. Clearly, as shown in Fig. 10, including

reconsolidation process can reduce the EPWP in samples

during 2nd cyclic loading stage, and the greater the Ur

value is, the lower the Du/Du1cls values at the end of the

2nd cyclic loading. For instance, the Du/Du1cls values with
samples subjected to p00 = 200 kPa and qd = 40 kPa after

two cyclic loading stages are approximately 0.89, 0.79,

0.59 and 0.37 under the Ur values of 25, 50, 75 and 100%,

respectively, while they are approximately 0.98 under

consecutive cyclic loading (Ur = 0%). Such findings might

be attributed to the smaller void ratio of samples with

higher Ur. Under the same p00 and CSR conditions, an

increase in Ur will lead to a greater change of volume

strain, as illustrated in Fig. 9, resulting in a lower void ratio

of samples. The EPWP at the end of the 2nd cyclic loading

stage decreased due to the lower void ratio Yildirim and

Ersan [45].

To eliminate the influence of initial confining and cyclic

stress ratio on the EPWP accumulation behaviour of soil, as

illustrated in Fig. 11, the accumulated EPWP during the

2nd cyclic loading stage (Du2cls) was normalised by the

accumulated EPWP during the 1st cyclic loading stage

(Du1cls). Interestingly, the Du2cls/Du1cls values increase

with increase in Ur, regardless of initial confining pressure

p’0 and CSR. The larger the Ur value is, the greater the

change in the void ratio, which leads to a more thorough

break in the cyclic equilibrium, resulting in a greater nor-

malised EPWP in the 2nd cyclic loading stage. Notably,

increasing Ur will also lead to an increase in the effective

mean stress, resulting in an increase in cyclic resistance of

the sample. In addition, the Du2cls/Du1cls values show a

monotonic increasing relationship with Ur. This means

that, compared with increase in effective stress, the change

of void ratio plays a predominant role in pore pressure

accumulation behaviour during 2nd cyclic loading stage.

Notable is, the Du2cls/Du1cls values of samples (sub-

jected to p00 = 200 kPa and CSR = 0.1) decrease as Ur

values increase from 75 to 100%. Under a relative low CSR

condition, EPWP accumulates little. As can be seen in

Table 2, Du1cls values of samples (subjected to p00-
= 200 kPa and CSR = 0.1) are in the range from 10.4 to

12.4 kPa and Du2cls values of these sample are less than

6 kPa. In this case, the fluctuation of pore pressure due to

temperature change or other reasons has significant effect

on the value of Du2cls/Du1cls, and this may be the reason for

this abnormal downward trend. Despite these experimental

errors, it can still be concluded that the Du2cls/Du1cls values
monotonically increase along with Ur values.

3.2.3 Variation in the resilience modulus

To investigate the effects of reconsolidation process on the

resilience modulus of soil, Fig. 12a, b shows the typical

deviatoric stress–strain loop and normalised resilience

modulus versus the number of cycles, respectively. In the

figures, the samples were subjected to a confining pressure

(a) different p’0 values (CSR=0.2) (b) different CSR values (p’0=200 kPa)

Fig. 11 Normalised EPWP increment during the 2nd cyclic loading stage versus degree of reconsolidation
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of 200 kPa and a CSR of 0.2. To compare the stress–strain

response at different numbers of cycles, the typical stress–

strain loops (Nos. 1, 100, 10,000, 10,001, 10,100, 20,000)

of the sample with Ur = 100% are plotted in Fig. 12a, in

which the accumulated strain was subtracted from total

strain. During the 1st cyclic loading stage, as mentioned

above, the stress–strain loops became thinner and the

stress–strain hysteresis loops change from unclosed to

closed. However, after the reconsolidation process, the

stress–strain loop of No. 10001 cycle reopened and became

steep, which implies axial strain reaccumulation and stiff-

ness hardening. The increase in stiffness might be attrib-

uted to the increase in effective mean stress and decrease of

void ratio [4, 18]. As cyclic loading continued in 2nd

loading stage, the stress–strain loops became thinner again

and the stress–strain hysteresis loops change to be closed,

and the new dynamic elastic equilibrium has been formed.

The stress–strain loop inclined to the horizontal axis,

indicating cyclic stiffness degradation also occurred during

the 2nd cyclic loading stage, which can be explained by the

accumulation of the EPWP, as illustrated in Fig. 10d.

The stiffness hardening behaviour after the reconsoli-

dation process can be observed in Fig. 12b, in which the

resilience modulus Mr was normalised by the resilience

modulus of the first cycle Mr,1. Figure 12b shows that an

increase in Ur will result in an increase in the Mr/Mr,1 value

(a) deviatoric  hysteretic loop 

(Ur=100%)

(b) normalised resilience modulus versus 

number of cycles

Fig. 12 Typical stress–strain loop and normalised resilience modulus versus number of cycles (p00 = 200 kPa, qd = 40 kPa)

(a) deviatoric  hysteretic loop 

(Ur=100%)

(b) normalised resilience modulus versus 

number of cycles

Fig. 13 Typical stress–strain loop and normalised resilience modulus versus number of cycles (p00 = 200 kPa, qd = 20 kPa)
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at No.10001 cycle, indicating greater stiffness hardening

behaviour due to the reconsolidation process. Under the

same p00 and CSR conditions, an increase in Ur can lead to

a decrease of void ratio and an increase in the effective

mean stress, which are both beneficial for cyclic resistance

[4, 18]. As cyclic loading continued, the resilience modulus

decreased and reached a steady value at the end of the 2nd

cyclic loading stage. However, for the samples under a

relatively low cyclic stress ratio (CSR = 0.1), the resilience

modulus seems to be little affected by the reconsolidation

process, regardless of the degree of reconsolidation, as

illustrated in Fig. 13.

The resilience modulus at the end of 1st cyclic loading

stage (Mr,10000) and 2nd cyclic loading stage (Mr,20000)

versus qd/p
0 are plotted in Fig. 14a, in which p0 is the mean

effective stress at the end of corresponding cyclic loading

stage, and the solid points representMr,10000 and the hollow

points represent Mr,20000. For the samples of CSR = 0.2,

both Mr,10000 and Mr,20000 will be bigger as the confining

pressure is higher. Compared with Mr,10000, data points of

Mr,20000 move up to the upper left, indicating that the

resilience modulus has increased to some extent. For the

samples of CSR = 0.1, however, the hollow points are very

close to the solid points. This is because a lower CSR leads

to smaller EPWP accumulation during the 1st cyclic

loading stage, as illustrated in Fig. 4b, resulting in fewer

effective mean stress increments and void ratio changes.

Thus, the resilience modulus was minimally affected by the

reconsolidation process. The increase in p00 has a similar

effect to the increase in CSR on EPWP accumulation

during the 1st cyclic loading stage, as illustrated in Fig. 5b,

which results in a similar effect of qd/p
0 value on the

resilience modulus, as illustrated in Fig. 14a.

The Mr,10000 and Mr,20000 values normalised by the

k power of initial confining pressure p00 versus qd/p
0 are

shown in Fig. 14b. As discussed early, symbol k reflects

the nonlinear relationship between initial confining pres-

sure and resilience modulus and in this study, k = 0.53. The

normalised Mr data fall together into a single curve, which

is obtained from optimal fitting of Mr,10000, as illustrated in

Fig. 6b. It can be concluded that the steady resilience

modulus at the end of cyclic loading depends on the initial

confining pressure p00 and qd/p
0 value, regardless of the

reconsolidation process.

According to Zhou et al. [47] and Qian et al. [28], under

the same loading conditions, the sample with a smaller

void ratio (a higher OCR) corresponds to a closer particle

arrangement, which brings a smaller elastic strain and

higher resilient modulus in cyclic loading. In this study,

after reconsolidation process, tested specimens became

denser due to the dissipation of cyclic loading-induced

EPWP, as illustrated in Fig. 1c. However, the hollow point

(Mr,20000) does not deviate from the optimal fitting curve of

the solid point (Mr,10000), as illustrated in Fig. 14b. This

means that compared to qd/p
0 and p00, the change of void

ratio has limited effect on resilience modulus of tested

samples. A possible reason for this phenomenon might

attributed to the smaller void ratio changes in reconsoli-

dation process compared to over-consolidation process and

it needs to be further investigated.

4 Discussions

Figure 15 shows the first stress–strain loops of 2nd cyclic

loading stage after different degrees of reconsolidation

under the same p00 = 200 kPa, in which Ur/N = 0/10001

represents the stress–strain loop of N = 10,001 under

continuously cyclic loading, and Ur/N = 25/10001 repre-

sents the first stress–strain loop after a reconsolidation of

(a) tested values (b) normalised values

Fig. 14 Resilience modulus at No. 10000 and 20,000 cycles versus effective CSR for different confining pressures
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25% excess pore water pressure dissipated. The initial

stress–strain loop is also displayed in Fig. 15 a in the form

of dotted line for comparison. It can be seen from the shape

evolution process of stress–strain loops, during the 1st

cyclic loading stage, as mentioned above, the stress–strain

loops change from fatter and unclosed to thinner and

closed, which indicates the soil change from elastoplastic

to dynamic elastic. Moreover, obvious stiffness weakening

is found under larger dynamic stress (qd = 40 kPa). The

reconsolidation process breaks the dynamic equilibrium.

The higher the Ur value, the more intensely breaking the

dynamic elastic equilibrium. As reflected in Fig. 15a, b, in

which stress–strain loops became fatter and unclosed again

after reconsolidation, and the higher the Ur value, the more

skewed to the vertical axis. Steeper initial loading curves

signify the soil rearranged more closely after reconsolida-

tion. The shape evolution process of stress–strain loops

reveals again that the effect of reconsolidation on 2nd

cyclic loading is reflected in two aspects. On the one hand,

reconsolidation violently break the cyclic balance estab-

lished in the 1st cyclic loading, which will induce greater

eac
2cls and Du2cls in the 2nd cyclic loading. On the other

hand, an increase in Ur refers to an increase in the mean

effective stress, so the particles are arranged more closely,

which might be the reason for the obvious growth of

resilience modulus Mr and excess pore pressure in the

initial stage of 2nd cyclic loading.

5 Conclusions

To investigate the effects of reconsolidation on the

undrained cyclic behaviours of clayey soils, a series of

undrained cyclic triaxial tests including reconsolidation

processes between loading cycles were performed on

kaolin clay. The variation in axial strain accumulation,

excess pore water pressure accumulation, stress–strain

characteristics and resilience modulus of samples under

different degrees of reconsolidation, effective confining

pressures and cyclic stress ratios were discussed and pre-

sented. Based on the limited number of cyclic triaxial tests,

the conclusions are summarised as follows:

1. The normalised axial strain of samples after the

reconsolidation process was significantly accumulated.

An increase in the initial confining pressure or cyclic

stress ratio could lead to a decrease in the normalised

total axial strain. The coupling effects of the change of

void ratio and effective mean stress result in a non-

monotonic relationship between the degree of recon-

solidation and normalised total axial strain. The

settlement of foundation soil in practical engineering

might be underestimated if ignoring the influence of

reconsolidation.

2. The normalised excess pore water pressure increment

during the 2nd cyclic loading stage depends on the

degree of reconsolidation, and the larger the degree of

reconsolidation is, the greater the values, regardless of

the cyclic stress ratio and initial confining pressure.

3. The steady Mr values at the end of cyclic loading

depend on the initial confining pressure and qd/p
0

values, regardless of the reconsolidation process.
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